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( 57 ) ABSTRACT 

A magnetic field sensing system may include a first mag 
netic field sensing element ; a second magnetic field sensing 
element ; means for generating a first magnetic field having 
a first non - zero frequency ; means for generating a second 
magnetic field having a second frequency ; a conductive 
target positioned to generate a reflected magnetic field in 
response to the first magnetic field ; means for producing a 
first signal representing the first magnetic field and the 
reflected magnetic field during a first alternating time period ; 
means for producing a second signal representing the second 
magnetic field during a second alternating time period ; 
means for calculating an error value as a function of the first 
and second signals , wherein the error value is based , at least 
in part , on the second signal during the first time period ; and 
means for applying the error value to the first signal during 
the first alternating time period . 
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MAGNETIC FIELD SENSOR WITH ERROR The error value may be based on measurements taken 
CALCULATION during the first time period and the processing circuit may be 

configured to apply the error value to measurements taken 
FIELD during the second time period . 

The at least one first magnetic field sensing elements may 
This disclosure relates to magnetic field sensors and , more be placed so that its axis of maximum sensitivity is aligned 

particularly , to magnetic field sensors with error calculation . the first magnetic field . 
In another embodiment , a system includes : at least one 

BACKGROUND coil configured to generate a first magnetic field having a 
10 first non - zero frequency and generate a second magnetic 

Magnetic field sensors are often used to detect a ferro field having a second frequency ; a conductive target posi 
magnetic target . They often act as sensors to detect motion tioned to generate a reflected magnetic field in response to 
or position of the target . Such sensors are ubiquitous in many the first magnetic field ; one or more magnetic field sensing 

elements configured to produce a first signal representing areas of technology including robotics , automotive , manu 15 detection of the first magnetic field and the reflected mag facturing , etc. For example , a magnetic field sensor may be netic field produce a second signal representing detection of used to detect when a vehicle's wheel locks up , triggering the second magnetic field . the vehicle's control processor to engage the anti - lock One or more of the following features may be included . braking system . In this example , the magnetic field sensor A processing circuit may receive the first and second 
may detect rotation of the wheel . Magnetic field sensor may 20 signals and calculate an error value of the system as a 
also detect distance to an object . For example , a magnetic function of the first and second signals . 
field sensor may be used to detect the position of a hydraulic The calculated error value may be independent of a 
piston . position of the conductive target . 
No magnetic field sensor is perfectly precise . Every The first magnetic field may have a frequency sufficiently 

magnetic field sensor that detects the position of a target 25 high to induce an eddy current in the conductive target . 
includes at least some error . In some systems , the error may The reflected magnetic field may be produced by the eddy 
be a nonlinear error that is a function of the position of the 
target . Compensating for an error that is a function of the The second frequency may be substantially low so that it 
position of the target may pose challenges if the target is does not induce a reflected field from the conductive target . 
used as a reference and / or if the position of the target is 30 The second frequency may be substantially zero . 
unknown when attempting to measure and calculate the The first magnetic field may be generated during a first 

time period and the second magnetic field may be generated 
during a second time period . 

SUMMARY A processing circuit may calculate an error value based on 
35 measurements taken during the second time period and 

In an embodiment , a system includes at least one coil apply the error value to measurements taken during the first 
configured to generate a first magnetic field having a first time period . 
frequency that induces a first reflected magnetic field in a The first and second time periods may be non - overlapping 
conductive target during a first time period , wherein the first time periods . 
reflected magnetic field has a first magnetic field strength . 40 In another embodiment , a method comprises : generating 
The coil may be configured to generate a second magnetic a first magnetic field having a first , non - zero frequency ; 
field having a second frequency that induces a second generating a second magnetic field having a second fre 
reflected magnetic field in a conductive target during a quency ; inducing , by the first magnetic field , a reflected 
second time period , wherein the second reflected magnetic magnetic field from a conductive target ; producing a first 
field has a second magnetic field strength that is different 45 signal , by one or more magnetic field sensing elements , 
than the first magnetic field strength . representing the first magnetic field and the reflected mag 

At least one first magnetic field sensing element may be netic field ; and producing a second signal , by the one or 
configured to detect the first magnetic field and the first more magnetic field sensing elements , representing the 
reflected magnetic field during the first time period and to second magnetic field . 
detect the second magnetic field and the second reflected 50 One or more of the following features may be included . 
magnetic field during the second time period . An error value may be calculated as a function of the first 

At least one second magnetic field sensing element may and second signals . 
be configured to detect the first magnetic field and the first The calculated error value may be independent of a 
reflected magnetic field during the first time period and to position of the conductive target . 
detect the second magnetic field and the second reflected 55 The first magnetic field may have a frequency sufficiently 
magnetic field during the second time period . high to induce an eddy current in the conductive target , 
A processing circuit may be coupled to receive a respec wherein the reflected magnetic field is produced by the eddy 

tive output signal from the at least one first and at least one current . 
second magnet field sensing elements and calculate an error The second frequency may be substantially low so that the 
value of the system . 60 second magnetic field does not induce a reflected magnetic 

One or more of the following features may be included . field from the conductive target . 
The second frequency may be substantially zero and the The second frequency may be substantially zero . 

second reflected magnetic field strength may be substantially Generating the first magnetic field may comprise gener 
ating the first magnetic field during a first time period , and 

The first magnetic field may comprise a first frequency 65 generating the second magnetic field may comprise gener 
that induces eddy currents in the conductive target that ating the second magnetic field during a second time period , 
generate the first reflected field . wherein the first and second time periods do not overlap . 

zero . 
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The first and second time periods may be non - overlapping tance element ( AMR ) , a tunneling magnetoresistance 
time periods . ( TMR ) element , and a magnetic tunnel junction ( MTJ ) . The 

The first signal may be generated during the first time magnetic field sensing element may be a single element or , 
period ; the second signal may be generated during the alternatively , may include two or more magnetic field sens 
second time period ; An error value may be calculated based 5 ing elements arranged in various configurations , e.g. , a half 
on the first signal measured during the first time period ; and bridge or full ( Wheatstone ) bridge . Depending on the device 
the error value may be applied to the second signal during type and other application requirements , the magnetic field 
the second time period . sensing element may be a device made of a type IV 

In another embodiment , a system comprises a first mag semiconductor material such as Silicon ( Si ) or Germanium 
netic field sensing element ; a second magnetic field sensing 10 ( Ge ) , or a type III - V semiconductor material like Gallium 
element ; means for generating a first magnetic field having Arsenide ( GaAs ) or an Indium compound , e.g. , Indium 
a first non - zero frequency ; means for generating a second Antimonide ( InSb ) . 
magnetic field having a second frequency ; a conductive As is known , some of the above - described magnetic field 
target positioned to generate a reflected magnetic field in sensing elements tend to have an axis of maximum sensi 
response to the first magnetic field ; means for producing a tivity parallel to a substrate that supports the magnetic field 
first signal representing the first magnetic field and the sensing element , and others of the above - described magnetic 
reflected magnetic field during a first alternating time period ; field sensing elements tend to have an axis of maximum 
means for producing a second signal representing the second sensitivity perpendicular to a substrate that supports the 
magnetic field during a second alternating time period ; magnetic field sensing element . In particular , planar Hall 
means for calculating an error value as a function of the first 20 elements tend to have axes of sensitivity perpendicular to a 
and second signals , wherein the error value is based , at least substrate , while metal based or metallic magnetoresistance 
in part , on the second signal during the first time period ; and elements ( e.g. , GMR , TMR , AMR ) and vertical Hall ele 
means for applying the error value to the first signal during ments tend to have axes of sensitivity parallel to a substrate . 
the first alternating time period . As used herein , the term “ magnetic field sensor ” is used 

25 to describe a circuit that uses a magnetic field sensing 
BRIEF DESCRIPTION OF THE DRAWINGS element , generally in combination with other circuits . Mag 

netic field sensors are used in a variety of applications , 
The foregoing features may be more fully understood including , but not limited to , an angle sensor that senses an 

from the following description of the drawings . The draw angle of a direction of a magnetic field , a current sensor that 
ings aid in explaining and understanding the disclosed 30 senses a magnetic field generated by a current carried by a 
technology . Since it is often impractical or impossible to current - carrying conductor , a magnetic switch that senses 
illustrate and describe every possible embodiment , the pro the proximity of a ferromagnetic object , a rotation detector 
vided figures depict one or more exemplary embodiments . that senses passing ferromagnetic articles , for example , 
Accordingly , the figures are not intended to limit the scope magnetic domains of a ring magnet or a ferromagnetic target 
of the invention . Like numbers in the figures denote like 35 ( e.g. , gear teeth ) where the magnetic field sensor is used in 
elements . combination with a back - biased or other magnet , and a 
FIG . 1 is a perspective view of a system for sensing a magnetic field sensor that senses a magnetic field density of 

conductive target . a magnetic field . 
FIG . 2 are cross sectionals view of the system of FIG . 1 . As used herein , the terms “ target ” and “ magnetic target ” 
FIG . 3 is a block diagram of a system for sensing a 40 are used to describe an object to be sensed or detected by a 

conductive target , including signal processing elements . magnetic field sensor or magnetic field sensing element . 
FIG . 4 is a block diagram of another embodiment of a FIG . 1 is a perspective view of a system 100 for detecting 

system for sensing a conductive target , including signal a conductive target 101. System 100 may include a substrate 
processing elements . 102 , which may support coil 104 , coil 106 , and MR element 

FIG . 4A is a schematic diagram of a coil an magnetic field 45 108. Although one MR element is shown , MR element 108 
sensing elements . may comprise two or more MR elements depending on the 
FIG . 5 is a graph of signals associated with the system of embodiment of system 100. In other embodiments , coils 104 

FIG . 4 . and 106 may be supported by separate substrates , or may be 
FIG . 6 is a graph of strength of a reflected magnetic field free - standing coils ( i.e. coils that are not supported by a 

versus frequency 50 substrate or that are supported by a different structure such 
FIG . 7 is a timing graph of modes of operation of the as a chip package or frame ) . 

system of FIG . 4 . Target 101 may comprise a conductive material , such as 
a metal , that allows the magnetic fields produced by coils 

DETAILED DESCRIPTION 104 and 106 to induce eddy currents in target 101 . 
Although not shown , an MR driver circuit may provide 

As used herein , the term “ magnetic field sensing element ” current to MR element 108 and coil driver circuit 110 may 
is used to describe a variety of electronic elements that can provide current to coils 104 and 106 . 
sense a magnetic field . The magnetic field sensing element Coil 104 and 106 may be arranged so that the current 
can be , but is not limited to , a Hall Effect element , a flows through coils 104 and 106 in opposite directions , as 
magnetoresistance element , or a magnetotransistor . As is 60 shown by arrow 109 indicating a clockwise current in coil 
known , there are different types of Hall Effect elements , for 104 ) and arrow 110 ( indicating a counterclockwise current 
example , a planar Hall element , a vertical Hall element , and in coil 106 ) . As a result , coil 104 may produce a magnetic 
a Circular Vertical Hall ( CVH ) element . As is also known , field having a magnetic moment in the negative Z direction 
there are different types of magnetoresistance ( MR ) ele ( i.e. down , in FIG . 1 ) , as indicated by arrow 112. Similarly , 
ments , for example , a semiconductor magnetoresistance 65 coil 106 may produce a magnetic field having a magnetic 
element such as Indium Antimonide ( InSb ) , a giant magne moment in the opposite direction , the positive Z direction , as 
toresistance ( GMR ) element , an anisotropic magnetoresis indicated by arrow 114. An aggregate magnetic field 111 

55 
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produced by both coils may have a shape similar to that magnetic field line 156 , the value of reflected magnetic field 
shown by magnetic field lines 111. It will be appreciated that 154 is non - zero at MR element 108 . 
coils 104 , 106 may be formed by a single coil structure As target 101 moves closer to coils 104 and 106 , magnetic 
respectively wound so that the current through the coils field 111 may produce stronger eddy currents in target 101 . 
flows in opposite directions . Alternatively , coils 104 , 106 5 As a result , the strength of reflected magnetic field 154 may 
may be formed by separate coil structures . change . Magnetic field 111 ' ( in the right - hand panel of FIG . 

In an embodiment , MR element 108 may be positioned 2 ) may represent a stronger magnetic field than magnetic 
between coils 104 and 106. In this arrangement , absent any field 111 due , for example , to the closer proximity of target 
other magnetic fields aside from those produced by coils 104 101 to coils 104 and 106. Thus , eddy currents 140 ' and 142 
and 106 , the net magnetic field at MR element 108 may be 10 may be stronger currents than eddy currents 140 and 142 , 
zero . For example , the negative Z component of the mag and magnetic field 154 ' may be stronger than magnetic field 
netic field produced by coil 104 may be canceled out by the 154. This phenomenon may result in MR element 108 
positive Z component of the magnetic field produced by coil detecting a stronger magnetic field ( i.e. magnetic field 154 ' ) 
106 , and the negative X component of the magnetic field when target 101 is closer to coils 104 and 106 , and a weaker 
shown above substrate 102 may be canceled out by the 15 magnetic field ( i.e. magnetic field 154 ) when target 101 is 
positive X component of the magnetic field shown below further away from coils 104 and 106 . 
substrate 102. In other embodiments , additional coils may be Also , eddy currents 140 ' and 142 ' generally occur on or 
added to substrate 102 and arranged so that the net magnetic near the surface of target 101. Magnetic field strength 
field at MR element 108 is substantially nil . diminishes as a function of radius - i.e . as a function of 

To achieve a substantially zero magnetic field at the 20 distance from the source of the magnetic field . Therefore , as 
location of MR element 108 , coil 104 and coil 106 may be target 101 moves closer to MR element 108 , MR element 
placed so that current through the coils flows in circular 108 may experience a stronger magnetic field from the eddy 
patterns substantially in the same plane . For example , the currents because the source of the magnetic field is closer to 
current through coil 104 and 106 is flowing in circular MR element 108 . 
patterns through the coils . As shown , those circular patterns 25 FIG . 3 is a block diagram of a magnetic field sensor 300 , 
are substantially coplanar with each other , and with the top which may include coil 302 , coil driver 304 , AC driver 310 , 
surface 116 of substrate 102 . MR driver 308 , MR element 306 , amplifier 314 , low pass 
A coil driver ( not shown in FIG . 1 ) coupled to coil 104 filter 318 , temperature sensor 320 , material type module 

and / or 106 may produce an alternating field . In this arrange 322 , offset module 324 , and segmented linearization module 
ment , the magnetic field shown by magnetic field lines 111 30 326 . 
may change direction and magnitude over time . However , Although shown as a single coil , coil 302 may comprise 
during these changes , the magnetic field at the location of one or more coils . In embodiments , coil 302 may be the 
MR element 108 may remain substantially nil . same as or similar to coil 104 and / or coil 106 described 

In operation , as target 101 moves toward and away from above . Similarly , MR element 306 may comprise one or 
MR element 108 ( i.e. in the positive and negative Z direc- 35 more MR elements and may be the same as or similar to MR 
tion ) , magnetic field 111 will cause eddy currents to flow element 108 described above . 
within target 101. These eddy currents will create their own Coil driver 304 may provide a power signal that drives 
magnetic fields , which will produce a non - zero magnetic current through coil 302 , thus causing coil 302 to generate 
field in the plane of the MR element 108 , which non - zero a magnetic field . MR driver 308 may provide power MR 
magnetic field can be sensed to detect the motion or position 40 elements 306 , allowing them to detect magnetic fields . 
of target 101 . MR element 306 may be responsive to a sensing element 

Referring to FIG . 2 , a cross - sectional view 150 of system drive signal ( e.g. the signal produced by MR driver 308 ) and 
100 , as viewed at line 118 ( in FIG . 1 ) in the Y direction , may be configured to detect a directly - coupled magnetic 
illustrates the eddy currents within target 101. The ' X ' field generated by coil 302. MR element 306 may produce 
symbol represents a current flowing into the page and the 45 signal 312 , representing the detected magnetic field . MR 
symbol represents a current flowing out of the page . As element 306 may also be configured to detect a reflected 
noted above , the current through coils 104 and 106 may be magnetic field produced by eddy currents within a target , 
an alternating current , which may result in an alternating such as target 101 . 
strength of magnetic field 111. In embodiments , the phase of As shown , AC driver 310 is coupled to coil driver 304. In 
the alternating current through coil 104 matches the phase of 50 this embodiment , coil driver 304 may produce a low 
the alternating current through coil 106 so that magnetic frequency signal to drive coil 302. The frequency may be 
field 111 is an alternating or periodic field . low enough so that the magnetic field produced by coil 302 

Alternating magnetic field 111 may produce eddy currents does not induce eddy currents and a reflected field from 
140 and 142 within magnetic target 101. Eddy currents 140 target 101. In some embodiments , the frequency is zero ( i.e. 
and 142 may be opposite in direction to the current flowing 55 a “ DC ” frequency ) . 
through coils 104 and 106 , respectively . As shown , eddy Coil 302 may produce a DC ( or substantially low fre 
current 148 flows out of the page and eddy current 140 flows quency AC ) magnetic field that can be detected by MR 
into the page , while coil current 151 flows into the page and element 306 , but which does not produce eddy currents in 
current 152 flows out of the page . Also , as shown , the the target . The signal produced by detection of the DC ( or 
direction of eddy current 142 is opposite the direction of the 60 substantially low frequency AC ) magnetic field may be used 
current through coil 106 . to adjust sensitivity of the magnetic field sensor . 

Eddy currents 140 and 142 generate a reflected magnetic Coil 302 may also produce an AC magnetic field at higher 
field 154 that has a direction opposite to magnetic field 111 . frequencies that induces eddy currents in the target , which 
As noted above , MR element 108 detects a net magnetic produce a reflected magnetic field at those higher frequen 
field of zero due to magnetic field 111. However , MR 65 cies that can be detected by MR element 306. Coil 302 may 
element 108 will detect a non - zero magnetic field in the alternate between producing the low frequency magnetic 
presence of reflected magnetic field 154. As illustrated by field and the high frequency magnetic field . 
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MR element 306 may produce signal 312 , which may dependent on geometrical design and is hence a good 
include frequency components at DC or substantially low parameter to accurately determine a distance . 
AC frequency ( e.g. a “ directly coupled ” signal or signal In embodiments , a frequency hopping scheme may be 
component ) representing the lower frequency magnetic field used . For example , coil driver 304 may drive coil 302 at 
that does not cause eddy currents in the target , and / or 5 different frequencies ( e.g. alternate between frequencies frequency components at the higher AC frequency ( e.g. a over time , or produce a signal containing multiple frequen “ reflected ” signal or signal component ) that represent the cies ) . In such embodiments , sensor 300 may include mul detected reflected field . In embodiments , the directly tiple demodulator circuits and / or filters to detect a signal at coupled signals may be used to adjust sensitivity of the each frequency sensor while the reflected signals may be used to detect the 10 Additional examples of magnetic field sensors that use a target . Coil driver 304 and / or MR driver 308 may use the coil and reflected field may be found in U.S. Patent Appli directly coupled signals as a sensitivity signal adjust their cation entitled COIL ACTUATED POSITION SENSOR respective output drive signals in response to the sensitivity WITH REFLECTED MAGNETIC FIELD , which lists Mr. signal . 
In embodiments , the directly coupled signal and the 15 A. Latham as an inventor , is commonly owned with this 

reflected signal may be included as frequency components application , was filed on the same day as this application , 
of the same signal . In this case , coil 302 may be driven to was assigned U.S. application Ser . No. 15 / 606,358 , and 
produce both frequency components at the same time . In which is incorporated here by reference in its entirety . 
other embodiments , generation of the directly coupled signal FIG . 4 is a block diagram of a magnetic field sensor 400 
and the reflected signals may be generated at different times , 20 for detecting a conductive target . Magnetic field sensor 400 
for example using a time - division multiplexing scheme . includes coil 402 for generating a magnetic field , coil driver 

Sensor 300 may also include a demodulator circuit 350 404 to drive current through coil 402 , and magnetic field 
that can modulate signal 316 to remove the AC component sensing elements 406 and 408 to detect magnetic fields . Coil 
from the signal or shift the AC component within the signal driver 404 may be an adjustable coil driver that can drive 
to a different frequency . For example , demodulator circuit 25 current of different magnitude and different frequency 
350 may modulate signal 316 at frequency f . As known in through coil 402. For example , coil driver 404 may drive an 
the art , because signal 316 includes signal components at AC current having a first frequency during a first time 
frequency f representing the detected magnetic field , modu period , and a current with second frequency during a second 
lating signal 316 at frequency f may shift the signal elements time period . In embodiments , the first frequency may be 
representing the detected magnetic field to 0 Hz or DC . 30 high enough to produce eddy currents in , and a reflected 
Other frequency components within signal 316 may be magnetic field from , the conductive target , and the second 
shifted to higher frequencies so they can be removed by frequency may be low enough so that any reflected field 
low - pass filter 318. In embodiments , the DC or low fre from the conductive target is substantially undetectable by 
quency component of signal 316 , which may represent a magnetic field sensing elements 406 and 408. In embodi 
sensitivity value , can be fed back to coil driver 304 to adjust 35 ments , the second frequency may be a zero - frequency or 
the output of coil 302 in response to the signal , and / or to MR “ DC " frequency . 
driver 308 to adjust drive signal 309 in response to the Magnetic field sensing elements 406 and 408 may be MR 
sensitivity value . DC output signal 352 may represent prox elements , Hall effect elements , or other types of magnetic 
imity of the target to MR element 306 . field sensing element . In embodiments , magnetic field sens 

In other embodiments , a time - division multiplexing 40 ing elements 406 and 408 shown in FIG . 4 may represent 
scheme may be used . For example , coil driver 304 may drive multiple Hall effect or MR elements . For example , each 
coil 302 at a first frequency during a first time period , at a block 406 and 408 may represent two , four , or more mag 
second frequency during a second time period , etc. In some netic field sensing elements arranged in a bridge formation 
instances , the first and second ( and subsequent ) time periods to produce differential output signals 412 and 414 , respec 
do not overlap . In other instances , the first and second time 45 tively . In other embodiments , magnetic field sensing ele 
periods may overlap . In these instances , coil driver 304 may ments 406 and 408 may produce single ended output signals . 
drive coil 302 at two or more frequencies simultaneously . Magnetic field sensing elements 406 and 408 may detect 
When the first and second time periods do not overlap , a directly coupled magnetic field ( i.e. they may directly 
demodulator 350 may operate at the same frequency as the detect the magnetic field produced by coil 402 ) , and may 
coil driver 304. When the time periods overlap , multiple 50 detect a reflected field produced by eddy currents in the 
modulators can be used , the first running at the first fre conductive target ( e.g. target 101 in FIG . 1 ) . In embodi 
quency , and the second running at the second frequency to ments , magnetic field sensing elements 406 and 408 may be 
separate out the signals at each frequency . arranged so that their axes of maximum sensitivity are in 

While it can be advantageous to reduce the directly opposite directions . For example , when sensing the directly 
coupled magnetic field that the MR element 306 detects to 55 coupled field , MR element 406 may produce a signal having 
achieve an accurate read of the reflected field ( and thus the the same absolute value , but opposite sign to the signal 
detected target ) , it may also be advantageous to have some produced by MR element 408. The axes of maximum 
amount of direct coupling ( i.e. , to directly detect the mag sensitivity may also be arranged so that the signals produced 
netic field produced by coil 302 ) to permit a sensitivity value when MR elements 406 and 408 detect the reflected mag 
to be computed . The simultaneous measure of both the field 60 netic field do not have opposite signs . In embodiments , this 
reflected by the target and the field directly generated by the may be effectuated by including a counter - coil in coil 402 . 
coil allows accurate detection of the distance of the object Referring to FIG . 4A , coil 448 may be the same as or 
independent of the sensitivity of the MR elements , coil drive similar to coil 402. MR elements 1-4 may comprise or may 
current , etc. The sensitivity of MR elements may vary with be the same as or similar to MR element 406 , and MR 
temperature and / or with the presence of unwanted DC or AC 65 elements 5-8 may comprise or may be the same as or similar 
stray fields in the plane of the MR array . The ratio between to MR element 408. For example , MR elements 1-4 may 
the reflected field and the directly coupled field is just form an MR bridge that is the same as or similar to MR 
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element 406 , and MR elements 5-8 may form an MR bridge Magnetic field sensor 400 may also include an MR driver 
that is the same as or similar to MR element 408 . 410 which may provide power to magnetic field sensing 

Coil 452 may include traces 454A , 454B , 456A , and elements . MR driver may apply or remove power from 
456B , and countercoil portions 454 and 456. The countercoil either magnetic field sensing element 406 or 408 during 
portions 454 and 456 may produce a local magnetic field 5 alternating time periods . For example , magnetic field sens 
around MR elements that reduces the response of MR ing element 406 may be active and magnetic field sensing 
elements 1-8 to the reflected magnetic field and increases the element 408 may be inactive during one time period . During 
response of MR elements 108 to the directly coupled field . a second time period , magnetic field sensing element 408 
The local magnetic field produced by countercoil portions may be active and magnetic field sensing element 406 
454 and 456 may have a direction opposite to that of the inactive . Alternatively , MR driver may provide power to or 
magnetic field produced by traces 454A , 454B , 456A , and remove power from both magnetic field sensing elements 
456B . 406 and 408 at the same time . 

In FIG . 4A , current through countercoil portions 454 and Magnetic field sensor 400 may also include processing 
456 is shown to travel in a counterclockwise direction . circuitry to calculate an error value of the magnetic field 
Although not shown , in other embodiments , current through sensor . Summation circuit 428 may produce a sum of signal 
countercoil portions 454 and 456 may travel in a counter V1 and signal V2 . Subtraction circuit 430 may calculate the 
clockwise direction . value V1 - V2 . Division circuit 432 may divide the signal 

The differential output of the bridge comprising MR from summation circuit 428 by the signal from subtraction 
elements 1-4 may be defined as the voltage at the series 20 circuit 430 to produce output signal 434 , which may repre 
connection node between MR elements 1 and 4 less the sent the value of ( V1 + V2 ) / ( V1 - V2 ) . Recall that V1 may be 
voltage at the series connection node between MR elements a digital representation of signal 412 produced by magnetic 
2 and 3 , and the differential output of the bridge comprising field sensing element 406 and signal V2 may be a digital 
MR elements 5-8 may be defined as the voltage at the series representation of signal 414 produced by magnetic field 
connection node between MR elements 5 and 8 less the 25 sensing element 408 . 
voltage at the series connection node between MR elements Sampling circuits 436 and 438 may selectively couple the 
6 and 7. Considering the case where there is no reflected output of summation circuit 428 and subtraction circuit 430 field , the directly coupled field experienced by MR elements to the inputs of division circuit 432 , respectively . For 1 and 4 may be opposed to the directly coupled field example , in an embodiment , the signal ( V1 + V2 ) from experienced by MR elements 2 and 3. In other words , the 30 summation circuit 428 may be sampled during the first time 
MR elements may be positioned so that the resistance of MR period and the signal ( V1 - V2 ) from subtraction circuit 430 elements 1 and 3 may increase and the resistance of MR 
elements 2 and 4 may decrease as they experience a stronger may be sampled during the second time period . Accordingly , 
directly coupled magnetic field . Also , MR elements division circuit may divide the ( V1 - V2 ) factor sampled be may 
positioned so the resistance of MR elements 5 and 7 may 35 during the first time period by the ( V1 + V2 ) factor sampled 
increase and the resistance of MR elements 6 and 8 may during the second time period to produce signal 434 . 
decrease as they experience a stronger directly coupled During operation , magnetic field sensor 400 may alternate 
magnetic field . states during a first time period and a second time period . 

Considering now the situation where a target and reflected During the first time period , coil driver 404 may drive coil 
field are present , despite the countercoils 454 and 456 , the 40 402 with current having a frequency F1 . The magnetic field 
MR elements 1-8 may experience the reflected field as a produced by coil 402 may induce eddy currents and a 
uniform field that is common to both bridges . Thus , the reflected magnetic field frequency F1 . Magnetic field 
reflected field may cause the differential output of the bridge sensing elements 406 and 408 may detect the directly 
comprising MR elements 1-4 to shift in the same direction coupled field from coil 402 and the reflected field from the 
as the differential output of the bridge comprising MR 45 target during the first time period . As noted above , magnetic 
elements 5-8 . This , the reflected field component can be field sensing elements may be arranged so that magnetic 
distinguished from the directly coupled field component of field sensing elements 406 and 408 detect the directly the outputs of the MR bridges by summing or subtracting the coupled field with opposite sign , and detect the reflected differential outputs of the MR bridges . magnetic field with the same sign . Referring again to FIG . 4 , magnetic field sensor 400 may 50 During the first time period , sampling circuit 436 may also include signal processing elements such as amplifiers allow the signal ( V1 + V2 ) to pass to division circuit 432 , 416 and 418 to amplify signals 412 and 414 , modulators 420 while sampling circuit 438 does not pass the signal ( V1 - V2 ) and 422 , and analog - to - digital converters ( ADC ) 424 and to division circuit 432 . 426 to process signals 412 and 414. Modulators 420 and 422 During the second time period , coil driver 404 may drive may multiply the signal from the MR elements by a fre- 55 
quency that is substantially the same as the frequency of coil coil 402 with current having a frequency F2 . The magnetic 
driver 404. This may shift the frequency to DC for subse field produced by coil 402 may induce eddy currents and a 
quent processing . reflected magnetic field at frequency F2 . Magnetic field 

In embodiments , coil driver 402 may drive coil 402 at one sensing elements 406 and 408 may detect the directly 
frequency ( F1 ) during a first time period and at another 60 coupled field from coil 402 and the reflected field from the 
frequency ( F2 ) during a second time period . Thus , modula target during the first time period . In some embodiments , 
tors 420 and 422 may be configured to multiply the signals frequency F2 is low enough so that it does not induce 
from the MR elements by frequency F1 during the first time significant eddy currents or a reflected magnetic field that 
period and by frequency F2 during the second time period . can be detected by magnetic field sensing elements 406 and 
Modulators 420 and 422 may shift the signal to DC by 65 408. In such an embodiment , magnetic field sensing ele 
multiplying the signals by the same frequency that drives ments 406 and 408 may detect only the directly coupled field 
coil 402 . during the second time period . 
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During the second time period , sampling circuit 438 may 
allow the signal ( V1 - V2 ) to pass to division circuit 432 , ( 3 ) 

PN while sampling circuit 436 does not pass the signal ( V1 + V2 ) 
to division circuit 432 . 

After the samples taken during the first and second time 5 Substituting V1 and V2 , the formula for Py may be periods are available , division circuit 432 may calculate rearranged as : 
output signal 434 , representing ( V1 + V2 ) / ( V1 - V2 ) , where 
( V1 + V2 ) was sampled during the first time period and 
( V1 - V2 ) was sampled during the second time period . In SM 1 + 9 + ( 1-9 ) * embodiments where frequency F2 does not induce a 2 2 * r ( x ) 

PN 
reflected magnetic field during the second time period , the 1-9 + ( 1 + 9 + 1-9 + ( 1 +9+ 

SM SM term ( V1 + V2 ) may represent the directly coupled and 2 * r ( x ) ) * 2 * r ( x ) ) * 2 reflected magnetic fields , while the term ( V1 - V2 ) may 
represent only the directly coupled magnetic field . 

In embodiments , signal 434 may be used to determine an Formula 4 may be rewritten as : 
error of magnetic field of magnetic field sensor 400 , e.g. Pr = off + G * r ( x ) ( 5 ) mismatch error between the magnetic field sensing ele 
ments . The error may also be based on noise , interference , where : 
external magnetic fields , etc. In some cases , for example 20 
when magnetic field sensing elements 406 and 408 are 

SM ( 6 ) detecting a reflected magnetic field from the target , the 1 + 2 + ( 1-9 ) * 2 magnetic field sensor's error may be a function of the SM 1-9 + ( 1 + + 2 * r ( x ) ) * position or distance of the target from magnetic field sensing 
elements 406 and 408 , and the frequency and strength of the 25 ( 7 ) reflected magnetic field . For example , the portion of the SM 
error due to the reflected field ( the “ reflected field error ” ) 1-9 + ( 1 +2 + 2 * r ( x ) ) * 2 
may be a non - linear error . By measuring the directly coupled 
and reflected field at two frequencies , as described above , 
magnetic field sensor 400 may compensate for the error due If we assume that q = -1 ( corresponding to magnetic field 
to the reflected field . sensing elements 406 and 408 detecting the directly coupled 

In the case where the first frequency F1 and second magnetic field with opposite signs described above ) , then 
formula 4 may be simplified to : frequency F2 are non - zero , magnetic field sensor 400 may 

compensate for the reflected field error by extrapolating or 
interpolating the magnetic field error using the two fre SM 2 * r ( x ) ( 8 ) quency points . The technique may also be used in the case PN SM * r ( x ) + 2 SM * r ( x ) + 2 
where F1 is non - zero and F2 is zero , or low enough so that 
no reflected field is detectable by magnetic field sensors 406 
and 408. In this case , the computations that determine the As an example , if r ( x ) is 0.5 and SM 0.01 ( representing a 
error value may be simplified because , at one of the fre 1 % mismatch between magnetic field sensing elements ) , 

formula 8 gives us : quency points , the reflected field strength is zero . For 
example , in the example above where F2 is zero , the error 
value ( V1 - V2 ) may not be dependent on the reflected field , 0.01 2 * 0.5 and thus not dependent on the position of the target , because 45 PN = 0.01 * 0.5 + 2 0.01 * 0.5 + 2 no reflected magnetic field is present when the error value 
( V1 - V2 ) is measured . 

In a typical system , V1 and V2 may be described by the This indicates that , in this example , a 1 % mismatch 
following formulas : between magnetic field sensing elements correlates to a 

50 0.7 % error in the position . Moreover , this error may be a 
function of the position of the target , as shown in formula 4 

Sm Sm ( 1 ) V1 = ( T ) * K1 * S * || 1 + f : above . However , time multiplexing and changing the fre + r ( x ) * 11 + 2 2 quency of the magnetic field during operation and calibra 
tion can reduce the error in position . Sm Sm V2 = 1 ( T ) * K2 * S * 9 * ( 1+ Referring now to FIG . 5 , graph 500 illustrates operation 
of magnetic field sensor 400 during a calibration ( " cal ” ) 
mode and normal operating mode . Waveform 502 represents 

where I is the current through coil 402 , K , and K , are a control signal that switches magnetic field sensor system 
coupling factors of the magnetic field sensing elements 406 400 between calibration mode and normal mode . Waveform 
and 408 , respectively , r ( x ) is a ration between the reflected 60 504 represents signal V1 and waveform 506 represents 
field and the directly coupled field , and S is a sensitivity signal V2 . Signal 508 represents the output of coil driver 
mismatch factor representing a mismatch in sensitivity 404. During calibration mode , waveform 508 is a DC 
between magnetic field sensing elements 406 and 408. Note waveform , indicating that the magnetic field produced by 
that r ( x ) may be a function of the position of the target . The coil 402 has a zero frequency . Thus , during calibration 
value q is a ratio between K , and K2 such that K2 = q * K? . 65 mode , the target may not produce a reflected magnetic field . 

Additionally , the position of the target Py can be described As shown , waveform 504 and 506 ( corresponding to signals 
with the following formula : V1 and V2 ) may also be DC waveforms . 

35 

= + 

40 

( 9 ) + = 0.503 

55 



20 

25 

= 

US 10,837,943 B2 
13 14 

During calibration mode , the error value ( V1 - V2 ) may be sensor again enters a normal operating mode 810 , the 
calculated , as described above . Because ( V1 - V2 ) is calcu frequency may switch between f4 , f3 , f7 , f1 , etc. In other 
lated during calibration mode , the term ( V1 - V2 ) may not embodiments , each calibration mode may drive coil 402 at 
include measurements of the reflected magnetic field and a single frequency , but the frequency may change with each 
may not include errors due to position of the target . 5 calibration mode . Also , FIG . 8 shows a particular sequence 

During normal mode , the term ( V1 + V2 ) may be calcu of changing frequencies . However , one skilled in the art will 
lated , as described above . Because ( V1 + V2 ) is calculated recognize that any sequence or pattern of changing frequen 
during normal mode , the term ( V1 + V2 ) may include mea cies may be used . 
surements of the reflected magnetic field and thus may Having described preferred embodiments , which serve to 
include errors due to position of the target . 10 illustrate various concepts , structures and techniques , which 

In embodiments , magnetic field sensor 400 may alternate are the subject of this patent , it will now become apparent to 
operation between calibration mode and normal mode . In those of ordinary skill in the art that other embodiments 
other embodiments , because the measurements taken during incorporating these concepts , structures and techniques may 
calibration mode do not depend on the reflected field , be used . Accordingly , it is submitted that that scope of the 
magnetic field sensor 400 may operate in calibration mode 15 patent should not be limited to the described embodiments 
less frequently than in normal mode . In some embodiments , but rather should be limited only by the spirit and scope of 
calibration mode may only be performed once during startup the following claims . All references cited herein are hereby 
and the term ( V1 - V2 ) may be stored and reused during incorporated herein by reference in their entirety . 
calculation of the system error . In other words : 

The invention claimed is : 
[ V1 - V2 ] 11 = [ V1 - V2 ] 72 ( 10 ) 1. A system comprising : 

Where T1 corresponds to the normal mode and T2 cor at least one coil configured to : 
responds to calibration mode . Using formulas 5 and 10 , we generate a first magnetic field having a first frequency 

that induces a first reflected magnetic field in a can derive : conductive target during a first time period , wherein 
the first reflected magnetic field has a first magnetic 

[ V1 + V2 ] 71 ( 11 ) field strength ; and 
PN = off + G ' * r ( x ) [ V1 - V2 ] generate a second magnetic field having a second 

frequency that induces a second reflected magnetic 
SM ( 12 ) 30 field in the conductive target during a second time 1 + 9 + ( 1-9 ) * 2 off = period , wherein the second reflected magnetic field 

has a second magnetic field strength that is different 
( 13 ) than the first magnetic field strength ; 

at least one first magnetic field sensing element config 
ured to detect the first magnetic field and the first 
reflected magnetic field during the first time period and 

The terms off and G ' are both independent of r ( x ) , and thus to detect the second magnetic field and the second 
independent of error due to position of the target . Thus , the reflected magnetic field during the second time period ; 
target position Py may be calculated without the inclusion of at least one second magnetic field sensing element con 
the nonlinearity error due to target position . figured to detect the first magnetic field and the first 

Referring now to FIG . 6 , graph 600 includes a waveform reflected magnetic field during the first time period and 
602 representing detection of the reflected magnetic field to detect the second magnetic field and the second 
versus frequency of the signal driving coil 402. The hori reflected magnetic field during the second time period ; 
zontal axis represents frequency and the vertical axis rep and 
resents milli - Gauss of reflected magnetic field detected by 45 a processing circuit coupled to receive a respective output 
the magnetic field sensing elements . The frequency may be signal from the at least one first and at least one second 
chosen to be sufficiently low so that during calibration mode magnetic field sensing elements and to calculate an 
the detected reflected field is negligible . In the example error value of the system , 
shown , a frequency of 0.0001 MHz or less may result zero wherein the processing circuit to calculate the error value 
reflected magnetic field , as shown by point 606. In embodi- 50 comprises : 
ments , higher frequencies may be used if the resulting summing the output signal from the at least one first 
reflected magnetic field is negligible or within system tol magnetic field sensing elements and the output sig 
erances for measuring the system's error . nal from the at least one second magnetic field 

Referring to FIG . 7 , graph 800 illustrates timing between sensing elements to form a summation signal ; and 
calibration mode and normal mode where different frequen- 55 subtracting the output signal from the at least one 
cies are used to drive coil 402 during normal mode . If coil second magnetic field sensing elements from the 
402 is driven at a single frequency , magnetic field sensor output signal from the at least one first magnetic field 
may radiate emissions at that frequency . Varying the fre sensing elements to form a subtraction signal . 
quency driving coil 402 during normal mode may , in certain 2. The system of claim 1 wherein the second frequency is 
cases , reduce or vary the frequency of radiated emissions of 60 substantially zero and the second reflected magnetic field 
the device . strength is substantially zero . 

In FIG . 7 , waveform 802 indicates normal mode or 3. The system of claim 1 wherein the first magnetic field 
calibration mode , and waveform 804 represents the fre comprises a first frequency that induces eddy currents in the 
quency driving coil 402. During the first calibration mode conductive target that generate the first reflected magnetic 
806 , the frequency 804 may switch between f1 , f3 , f4 , f5 , f6 , 65 field . 
etc. During calibration mode 808 , coil 402 may be driven by 4. The system of claim 1 wherein the error value is based 
a DC signal , as described above . When the magnetic field on measurements taken during the first time period and the 
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processing circuit is configured to apply the error value to producing a first signal , by one or more magnetic field 
measurements taken during the second time period . sensing elements , representing the first magnetic field 

5. The system of claim 1 wherein the at least one first and the reflected magnetic field ; 
magnetic field sensing element is placed so that its axis of producing a second signal , by the one or more magnetic 
maximum sensitivity is aligned with the first magnetic field . 5 field sensing elements , representing the second mag 

netic field ; and 6. The system of claim 1 wherein the processing circuit to calculating an error value as a function of the first and calculate the error value further comprises the processing second signals , 
circuit dividing the summation signal by the subtraction summing the first signal and the second signal to form signal . a summation signal ; and 7. A system comprising : subtracting the first signal from the second signal to 

at least one coil configured to : form a subtraction signal . 
generate a first magnetic field having a first non - zero 18. The method of claim 17 wherein the calculated error 

frequency ; and value is independent of a position of the conductive target . 
generate a second magnetic field having a second 19. The method of claim 17 wherein first magnetic field 

frequency ; 15 has a frequency sufficiently high to induce an eddy current 
in the conductive target , wherein the reflected magnetic field a conductive target positioned to generate a reflected is produced by the eddy current . magnetic field in response to the first magnetic field ; 20. The method of claim 17 wherein the second frequency one or more magnetic field sensing elements configured is substantially low so that the second magnetic field does 

to : 20 not induce a reflected magnetic field from the conductive 
produce a first signal representing detection of the first target . 

magnetic field and the reflected magnetic field ; and 21. The method of claim 20 wherein the second frequency 
produce a second signal representing detection of the is substantially zero . 

22. The method of claim 17 wherein : second magnetic field ; and 
a processing circuit configured to : generating the first magnetic field comprises generating 

receive the first and second signals ; and the first magnetic field during a first time period ; and 
calculate an error value of the system as a function of generating the second magnetic field comprises generat 

the first and second signals , ing the second magnetic field during a second time 
period . sum the first signal and the second signal to form a 23. The method of claim 22 wherein the first and second summation signal ; and 

subtract the first signal from the second signal to form time periods are non - overlapping time periods . 
a subtraction signal . 24. The method of claim 22 further comprising : 

8. The system of claim 7 wherein the calculated error generating the first signal during the first time period 
value is independent of a position of the conductive target . representing ; 

9. The system of claim 7 wherein first magnetic field has 35 generating the second signal during the second time 
period ; a frequency sufficiently high to induce an eddy current in the 

conductive target . calculating an error value based on the first signal mea 
10. The system of claim 9 wherein the reflected magnetic sured during the first time period ; and 

applying the error value to the second signal during the field is produced by the eddy current . second time period . 11. The system of claim 7 wherein the second frequency 40 
is substantially low so that it does not induce a reflected field 25. The method of claim 17 , wherein calculating the error 
from the conductive target . value further comprises dividing the summation signal by 

the subtraction signal . 12. The system of claim 11 wherein the second frequency 
is substantially zero . 26. A system comprising : 

13. The system of claim 7 wherein the first magnetic field 45 a first magnetic field sensing element ; 
is generated during a first time period and the second a second magnetic field sensing element ; 
magnetic field is generated during a second time period . means for generating a first magnetic field having a first 

14. The system of claim 13 further comprising a process non - zero frequency ; 
ing circuit to calculate an error value based on measure means for generating a second magnetic field having a 

second frequency ; ments taken during the second time period and apply the 50 
error value to measurements taken during the first time a conductive target positioned to generate a reflected 
period . magnetic field in response to the first magnetic field ; 

15. The system of claim 13 wherein the first and second means for producing a first signal representing the first 
time periods are non - overlapping time periods . magnetic field and the reflected magnetic field during a 

first alternating time period ; 16. The system of claim 7 wherein the processing circuit 55 
configured to calculate the error value further comprises the means for producing a second signal representing the 
processing circuit configured to divide the summation signal second magnetic field during a second alternating time 
by the subtraction signal . period ; 

17. A method comprising : means for calculating an error value as a function of the 
generating a first magnetic field having a first , non - zero first and second signals , wherein the error value is 

frequency ; based , at least in part , on the second signal during the 
generating a second magnetic field having a second first time period ; and 

frequency ; means for applying the error value to the first signal 
during the first alternating time period . inducing , by the first magnetic field , a reflected magnetic 

field from a conductive target ; 
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